We report on development of dual-trap Raman tweezers for monitoring cellular dynamics and heterogeneity of interacting living cells suspended in a liquid medium. Dual-beam optical tweezers were combined with Raman spectroscopy, which allows capturing two cells that are in direct contact or closely separated by a few micrometers and simultaneously acquiring their Raman spectra with an imaging CCD spectrograph. As a demonstration, we recorded time-lapse Raman spectra of budding yeast cells held in dual traps for over 40 min to monitor the dynamic growth in a nutrient medium. We also monitored two germinating Bacillus spores after the initiation with L-alanine and observed their heterogeneity in the release of CaDPA under identical microenvironment. C 2010 Society of Photo-Optical instrumentation Engineers.
Introduction
Noninvasive monitoring of living cells in a physiological medium at the molecular level is essential for the analyses of cellular dynamics and heterogeneity of individual cells. 1, 2 The combination of near-infrared Raman spectroscopy with optical tweezers, called Raman tweezers, allows rapid, noninvasive analyses of individual particles held in an optical trap in a liquid with a temporal resolution of up to 2s. [3] [4] [5] Single-trap Raman tweezers use a single laser beam for both trapping and Raman spectroscopy [3] [4] [5] or use one beam for trapping and another beam of different wavelength for Raman excitation or imaging. 6 Recently, single-trap Raman tweezers have found wide application in identification and sorting of single microorganisms, 7 chromosomes and mitochondria, 8, 9 and cancer cells, 10, 11 as well as monitoring dynamic processes of spore germination and bacterial lysis. 12, 13 Single-trap Raman tweezers have also been combined with CARS spectroscopy 14 and microfluidic devices. [15] [16] [17] However, single-trap Raman tweezers can only analyze one captured cell at a time and cannot simultaneously monitor two closely separated cells or two correlated portions of a large cell. It is known that individual microbial cells are interfered with by neighboring cells and physiologically change with their microenvironments. As an example, in budding yeast the parent cell is connected to the daughter cell and there is a dynamic molecule exchange between them. 18, 19 It was known that the nucleus of the parent cell splits and migrates into the daughter cell, and the daughter cell continues to grow until it separates from the parent cell, forming a new cell. 18 However, it is not clear how the replicated chromosomes are properly segregated and move to the daughter cell dynamically. 19 Simultaneously probing molecular compositions of individual cells with Raman spectroscopy might provide valuable information about interaction between the budding cells.
On the other hand, individual cells in a genetically homogenous culture show remarkable cellular heterogeneity in their biochemical, physiological, or behavioral properties under the macroscopically same condition. 1, 2 As an example, germination of bacterial spores in response to the presence of nutrient germinants is highly heterogeneous in a population. 20, 21 Bacterial spores are metabolically dormant and very resistant to a variety of harsh conditions, and can survive for many years. 22 When specific nutrients present, spores can rapidly return to active growth through germination, a crucial event in spores' return to life. 22 The binding of germinants to specific receptors triggers the release of many-spore small molecules, including the large depot of dipicolinic acid chelated with Ca 2 + (CaDPA). It was found that the duration between the addition of nutrient germinant and the release of CaDPA changes from cell to cell for a genetically homogenous population, even though the environment is macroscopically same. It is unclear where this heterogeneity exactly comes from, but it is relevant to the activation of spore's Fig. 1 Experimental setup. A single laser beam was divided with a beamsplitter (BS 1 ), then recombined with a small angular separation with BS 2 , and introduced into an inverted microscope to form dual optical traps. Backward Raman scattering lights from two trapped particles were focused onto the entrance slit of an imaging spectrograph, which were imaged on different rows of a CCD camera. DM 1 , DM 2 -dichroic mirror, Obj-objective, M 1 , M 2 -mirrors, L 1 , L 2 , L 3 -optical lens. The inset is the image of two polystyrene beads trapped in dual traps separated by ∼6 μm.
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receptors. 22 Apparently, the removal of variations in the complex microenvironment in which individual cells physically locate would eliminate the unknown effects of local nutrient concentration, temperature, and pH values on the heterogeneity. Here, we will show that dual-trap Raman tweezers allows monitoring two Bacillus thuringiensis (Bt) spores separated by ∼3 μm in a liquid nutrient medium and recording their time-lapse Raman spectra respectively.
Multiple-beam optical traps have recently been developed for holding and manipulating two or more microscopic particles. [23] [24] [25] Dual-trap optical tweezers have been applied for improving the spatial resolution of optical-trap force spectroscopy of single biomolecules, 23, 26 and for characterizing bacterial motility. 27 The correlated motions of two-interacting microspheres in dual-trap optical tweezers were measured. 23 Multibeam optical tweezers can be created by using spatial light modulators [28] [29] [30] and computer-controlled scanning reflectors. 31, 32 However, biochemical properties of the interacting microscopic objects held in dual traps have not been explored.
This paper reports on the development of a dual-trap Raman tweezers system for the manipulation and analysis of two living Downloaded From: https://journals.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 03 Jan 2020 Terms of Use: https://journals.spiedigitallibrary.org/terms-of-use cells in direct contact or separated by a few micrometers. The novelty of this setup is the combination of dual-beam optical tweezers with Raman spectroscopy, which allows simultaneous acquisition of Raman spectra of two trapped cells. In order to record Raman spectra of the two closely trapped particles simultaneously, we used an imaging spectrograph to separate their Raman scattering lights onto different rows of a CCD camera. We demonstrate that dual-trap Raman tweezers could be used to monitor the dynamic growth of budding yeast cells, as well as monitor the heterogeneity in the release of CaDPA during the germination of two Bt spores under nearly identical microenvironment. The use of a low power near-infrared diode laser keeps the noninvasive advantages of single-trap Raman tweezers. Because two cells can be monitored simultaneously, it significantly reduces the experimental routines, especially for hour-long observations. 3, 12
Materials and Methods
The experimental setup is shown in Fig. 1 . A diode laser beam (λ = 785 nm) was divided into two beams with a 50-50% beamsplitter, which were recombined with another beamsplitter but with a small angular separation in vertical (y) direction. A dichroic mirror (DM 2 ) was used to introduce the dual laser beams into the objective (100x, numerical aperture NA = 1.30) of an inverted microscope to form dual-beam optical traps, through a pair of lenses L 1 and L 2 (both with f = 15 cm) and a dichroic mirror (DM 1 ). 11 The separation of two traps can be adjusted between 1 and 10 μm with M 2 and a beamsplitter (BS 2 ). Typically, the laser power of each trap was ∼5 mW. Two polystyrene beads (2 μm diam) were captured in the dual traps, and the images of the trapped particles can be viewed through a video camera, as shown in the inset of Fig. 1 . Backward Raman scatterings from two trapped particles were collected and focused onto different positions of an entrance slit of an imaging spectrograph with a lens L 3 (f = 5 cm). The Raman image spots of the two spheres were then imaged on and detected by different rows of a liquid nitrogen-cooled CCD (Roper Scientific Inc., SPEC-10:100BR). The functions of the imaging spectrograph were to disperse Raman spectra onto the CCD camera horizontally and to focus the two Raman imaging spots to different vertical rows of the CCD camera. The CCD camera (1340×100 pixels, with a pixel size of 20×20 μm) can be programmed to operate in either image mode or spectral mode. When operated in spectral mode, the vertical pixels can be binned with selected columns of pixels (to get two separate spectra) or unbinned (to get 100 spectra). Background spectra were collected without particles in both traps and subtracted from the Raman spectra of two trapped particles. And, two identical polystyrene beads (2.0 μm diam) were used to calibrate the spectral responses and wavenumbers of the two channels. 3, 4 3 Results and Discussion Figure 2 (a) shows the images of Raman spectral light from two polystyrene beads captured in dual traps (separated by ∼6 μm), recorded by the CCD camera that was operated in the image mode. Raman light from each particle was dispersed in a narrow range of horizontal row pixels and can be well separated vertically. The brightest spots correspond to the strongest Raman band at 1001 cm − 1 of the polystyrene spheres. Figure 2 (b) shows Raman spectra of two particles when the CCD camera was operated in the unbinned spectral mode. The results from these plots indicated that the dual-trap Raman tweezers were operated in a confocal configuration; the spectrum of a particle at a position under the microscope was imaged to the row pixels of the CCD camera with a specific column. There was no cross influence between two traps as long as their vertical separation was adjusted to be larger than the spot size (1-2 μm) of each focused beam. In order to determine how many rows of the CCD camera were needed to record the Raman spectrum of a particle in one trap, we plotted the dependence of Raman intensity on y-axis (column pixels) while selecting the row pixel at Figure 2 (c) shows two peaks appearing at column pixels, corresponding to two trapped particles. The bandwidth of each peak was measured with a Guassian fit to be 2.5 pixels, corresponding to a spatial spot of ∼1.5 μm under the microscope. This spot size was determined by the size of the focus of each trap, slightly smaller than the particle size. Thus, the spatial resolution of the dual-trap Raman tweezers was ∼3 CCD pixels. After finding these parameters, we set the CCD camera in the spectral mode as two divisions, each binning 3-4 vertical pixels for each trap, which allowed only two spectra acquired with an exposure time and the spectral resolution was >6 cm − 1 .
We applied the dual-trap Raman tweezers for monitoring the dynamic growth of a budding yeast cell in a culture medium. Yeast cells (Saccharomyces cerevisiae) were first cultured in a yeast extract peptone dextrose (YEPD) medium for 12 h at 35 • C and then transferred to a microscope sample holder that contains a low-fluorescence medium kept at the same temperature for time-lapse analysis. As shown in the insets of Fig. 3 , a budding yeast consisting of a parent cell and a daughter cell, was randomly selected such that the parent cell was trapped with one beam and the daughter cell with another beam. The insets of Fig. 3 show that the daughter cell held in dual trap was still growing, and the cell size increased slightly during a 40-min period. Figures 3(a) and 3(b) show Raman spectra of the daughter and parent cells at different times after they were transferred to the new culture medium. The time-lapse Raman spectra contain rich dynamic information of various molecular components in the budding yeast, including the nucleus bands (1093, 812, and 783 cm − 1 ), protein bands (1654 cm − 1 for amide I and 1306 cm − 1 for amide III), lipid and protein CH bands (1445 cm − 1 ), as well as phenylalanine band at 1004 cm − 1 and tyrosine band at 1602 cm − 1 . 33 The spectra data in Figs. 3(a) and 3(b) show that (i) the spectra between daughter and parent cells were distinctly different, indicating that they have different molecular compositions, and (ii) the molecular compositions of both the daughter and parent cells were changing during the budding process. 34 For example, the lipid and protein CH band at 1445 cm − 1 increased in both cells, indicating cell growth upon incubation. (iii) The nucleus bands (1093, 812, and 783 cm − 1 ) of the daughter cell were significantly increased, while the change in these bands of the parent cells was relatively small, indicating much faster growth in daughter cell. This can also be verified Downloaded From: https://journals.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 03 Jan 2020 Terms of Use: https://journals.spiedigitallibrary.org/terms-of-use from the obvious size increase of the daughter cell (see the inset time-lapse images in Fig. 3 ). We were able to scan the dual beams across the majority portion of the budding cell using a pair of rapidly scanning Galvano mirrors (see Fig. 1 ) without moving the cells during the spectral acquisition so that the possibility of the accumulation of small internal organelles in the laser beams was reduced. We can also adjust the vertical separation of the dual traps by mirror M 2 or BS 2 as shown in Fig.  1 .
We also applied dual-trap Raman tweezers for monitoring dynamic germination of two Bt spores in a close separation of ∼3 μm in response to the addition of L-alanine nutrient. The Bt spores were prepared and heat activated as described in Refs. 3 and 20. A small amount of Bt spores were added to preheated 25 mM Tris buffer plus 10 mM L-alanine germinant in a sample holder kept at 37 • C. Following the addition, two spores were captured in dual traps and Raman spectra were continuously acquired with an acquisition time of 60 s for a total period of 60 min. Figures 4(a) and 4(b) show the time-lapse Raman spectra of spores 1 and 2 captured in dual traps, respectively, in which the CaDPA specific bands at 824, 1017, 1395, and 1572 cm − 1 were marked. 3 Beside the mentioned CaDPA bands, the 1450 cm − 1 band is assigned to both CaDPA and the CH vibration of lipids and proteins, and the band 1655 cm − 1 is assigned to amid I vibration of proteins. 16, 20 Figure 4 that are associated with CaDPA decreased simultaneously, and (ii) the time required for spore 1 to complete the CaDPA release upon the exposure to L-alanine was significantly different from that for spore 2, indicating significant cellular heterogeneity in spore germination. Figure 4(d) shows relative intensities of the Raman bands at 1450 and 1655 cm − 1 of two germinating Bt spores as the function of the incubation time. It can be observed that the timing for the decrease of the 1450 cm − 1 band is the same as that of CaDPA release for the same spore. However, the intensity of the 1450 cm − 1 band did not drop to zero as the other CaDPA band (i.e., 1017 cm − 1 band) but remained relatively unchanged after the completion of CaDPA release. This suggests the lipids and proteins still remain inside the spore membrane, even though the CaDPA molecules completely move out of the germinated spore cell during the germination process. The slow change (but no drop to zero) in protein amid band at 1655 cm − 1 before and after CaDPA release also supported this conclusion.
We repeated about ten runs of the measurement and observed similar results. Figure 5 shows the results of the repetitive experiments. Two out of twenty spores did not germinate during the observation time of ∼1 h. The data indicated that (i) the time required for an individual spore to complete the release of CaDPA from its core region after the addition of germinant (10 mM L-alanine) varied from individual runs of experiment, and (ii) in the same run of experiment, individual spores in dual traps that was separated by only a few micrometers also had different timing for the Raman intensity of the CaDPA band to drop to zero. Because two spores in one run of the 
Conclusion
We have demonstrated a dual-trap Raman tweezer system for probing cellular dynamics and heterogeneity of two living cells in direct contact or close separation in a liquid medium. The closest spatial separation of the dual beams was measured to be ∼1.5 μm, and the spectral resolution was >6 cm − 1 . The dual-trap Raman tweezers allow monitoring the dynamic growth of single budding yeast cells during mitosis by monitoring the nucleus and other cellular components. It also allowed observing dynamic germination and heterogeneity in the release of CaDPA of two B. thuringiensis spores in a close separation. Dual-trap Raman tweezers would find broad applications in monitoring dynamic behaviors of interacting cells. It significantly reduces the experimental routines for hour-long monitoring of single cell physiology because two single cells can be monitored at the same time.
